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SURFACE-ENHANCED RAMAN SPECTROSCOPY FOR FORENSIC  
 
ANALYSIS OF HUMAN SALIVA 
 
 
MEGAN WONG 
 
ABSTRACT 
Through oral contact, saliva can be transferred to a variety of objects commonly 
encountered in forensic casework, such as cigarette butts, condoms, drinkware, masks, 
clothing, and vaginal or penile swabs. As saliva does not require external stimulation for 
secretion, it is readily available for exposure to the external environment. For this reason, 
the detection and analysis of saliva are relevant to many types of crime, including but not 
limited to sexual assaults, kidnappings, homicides, and burglaries. Although the presence 
of saliva does not serve as a definitive indication of crime, it can link individuals to a 
crime scene or serve as evidence of physical contact. When sufficient quality and 
quantity of saliva is present at a crime scene or on an item of evidence, it typically serves 
as a source of DNA.1 Therefore, detection of saliva is also pertinent to the identification 
of potential victims and perpetrators. 
Currently, forensic identification of biological stains is limited to individual body 
fluids, such that analysis of a mixture containing multiple body fluids will require a 
separate test for each biological component. In addition, all routine forensic assays for 
saliva are of a preliminary nature. Due to the lack of confirmation techniques for saliva, 
surface-enhanced Raman spectroscopy (SERS) emerges as a potential technique for 
rapid, sensitive, and confirmatory identification of saliva stains.  
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This study is designed to examine the efficacy of a SERS based methodology for 
the detection, characterization, and identification of human saliva. Using this technology, 
the major molecular component detected in saliva was salivary thiocyanate. A three-peak 
thiocyanate SERS signature was observed at 440 cm-1, 740 cm-1, and 2107 cm-1 and is 
recommended for use as a biomarker in the detection and identification of liquid and 
dried saliva. 
Assessment of validation parameters was also performed to determine the 
robustness, accuracy, and sensitivity of this methodology. Examination of donor 
variability among and within individuals demonstrates variability in salivary thiocyanate 
concentrations. As a result, the sensitivity of this technology is limited by the inherent 
thiocyanate concentrations of individuals. In the samples utilized for this study, SERS 
could readily detect salivary thiocyanate at concentrations as low as 1/100.   
Classification of spectral data from 12 donors indicates some donor variability 
arising from differences in protein content. However, deviations in matrix proteins do not 
hinder the identification of saliva because this methodology uses a salivary thiocyanate 
SERS signature for the basis of saliva detection.  A preliminary sample aging study 
demonstrates that saliva can be rapidly identified in 20-month old samples aged at room 
temperature. This suggests that the salivary thiocyanate SERS signature is stable without 
the need for controlled environments and, therefore, highly suitable for use in forensic 
detection of human body fluids.  
At many crime scenes, biological fluids are present in a mixed sample consisting 
of human fluids such as saliva, semen, blood, and vaginal fluid. Salivary mixtures with 
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blood and vaginal fluid were respectively analyzed to assess the efficiency of this SERS 
methodology in detecting and identifying saliva from the mixture. As thiocyanate is also 
an inherent component of blood, the ability to identify saliva from a salivary mixture with 
blood is limited to mixtures where saliva is a predominant component. For samples used 
in this study, saliva identification is limited to mixtures containing 75% saliva and 25% 
blood. As vaginal fluid does not contain salivary thiocyanate, this SERS methodology 
can readily identify salivary thiocyanate from mixtures containing 1% saliva and 99% 
vaginal fluid extract.  
This study examined two potential substrates and their corresponding efficiencies 
in body fluid detection for forensic casework. The thiocyanate signature is readily 
observed on both gold (Au) and silver (Ag) substrates. With respect to sensitivity, Ag 
substrates are more sensitive and capable of detecting thiocyanate in lower concentrations 
of saliva. Au substrates exhibit greater selectivity for other salivary components at low 
thiocyanate concentrations, which can be useful in characterizing the protein content. In 
view of all experimental results, this study demonstrates that SERS is a rapid and 
sensitive technique capable of detecting and identifying saliva among complex body 
mixtures for forensic science applications.  
 
 
 
 
 
viii 
TABLE OF CONTENTS 
 Page 
Title Page i 
Reader’s Approval Page iii 
Acknowledgments iv 
Abstract v 
Table of Contents viii 
List of Tables  xi 
List of Figures  xii 
List of Abbreviations  xiii 
1. Introduction 1 
1.1 Salivary Fluids in Forensic Casework 1 
1.2 Chemical Compositions and Function of Saliva  1 
1.2.1 Individual Variations of Salivary Composition  4 
1.3 Current Forensic Methods for Detection of Saliva  
1.3.1 Presumptive Test Based on α-Amylase Enzymatic Activity 
1.3.2 Presumptive Tests Based on Immunological Detection of α-Amylase 
1.3.3 Emerging Techniques for Presumptive Testing of Saliva 
4 
5 
6 
7 
1.4 Raman Spectroscopy 
1.4.1 Discovery of the Raman Effect 
1.4.2 Basic Theory and Principle 
1.4.3 Instrumentation 
8 
8 
9 
11 
 
 
ix 
1.4.4 Applications to Forensic Science  
1.5 Surface-Enhanced Raman Spectroscopy  
1.5.1 Basic Principle and Theory 
1.5.2 Advantages of SERS  
1.6 Research Objectives 
13 
14 
15 
16 
17 
2. Materials and Methods 
2.1 Sampling Scheme 
2.2 Specimens and Storage 
2.3 Manufacture of SERS Active Substrates 
2.4 Sample Preparation 
2.4.1 Extraction Optimization  
2.4.2 Molecular Components in Saliva  
2.4.3 Dilutions  
2.4.4 Body Fluid Mixtures  
2.4.4.1 Saliva and Blood Mixtures 
2.4.4.2 Saliva and Vaginal Fluid Mixtures 
2.4.5 Aging Effects of Potential Saliva Biomarkers 
2.5 SERS Spectral Acquisition and Analysis  
2.6 Statistical Analysis 
18 
18 
18 
18 
20 
20 
21 
22 
22 
23 
23 
24 
25 
26 
3. Results and Discussion  
3.1 Molecular Components of Human Saliva 
3.2 Donor Variability 
28 
28 
30 
 
 
x 
3.3 Limit of Detection of Thiocyanate Biomarker 
3.3.1 Aging Effect on Signal Degradation of Thiocyanate  
3.4 Human Body Fluid Mixtures 
3.4.1 Saliva and Blood Mixtures 
3.4.2 Saliva and Vaginal Fluid Mixtures  
38 
43 
45 
45 
47 
4. Conclusions 
4.1 Applicability of the SERS methodology in Forensic Casework 
4.2 Recommended Substrate 
4.3 Future Studies 
4.3.1 Optimization of SERS Substrates 
4.3.2 Further Optimization of Saliva Extraction Protocol 
4.3.3 Body Fluid Mixtures 
4.3.4 Portable Instrument  
4.3.5 Sensitivity Parameters 
52 
52 
53 
54 
54 
54 
55 
55 
56 
Bibliography   58 
Curriculum Vitae  63 
  
  
  
 
 
xi 
LIST OF TABLES 
 Page 
Table 1.  Observed Frequencies of SERS Raman Spectra of Human Saliva at 785 nm 28 
Table 2.  Confusion Matrix for Donor Saliva Samples on Ag Substrates 34 
Table 3.  Confusion Matrix for Donor Saliva Samples on Au Substrates 35 
  
  
  
  
  
  
  
  
 
 
 
xii 
LIST OF FIGURES 
 Page 
Figure 1.  Salivary Glands  2 
Figure 2.  Energy Transitions for Rayleigh and Raman Scattering  10 
Figure 3.  Block Diagram of Raman Spectrometer 
Figure 4. Scanning Electron Microscope Images of SERS Substrates 
Figure 5. Molecular Components of Human Saliva  
Figure 6. Donor Variability on Au and Ag Substrates 
Figure 7. PLS-DA Model for Classification of an Unknown Body Fluid Sample 
Figure 8. PLS-DA Models for Au Substrates 
Figure 9. PLS-DA Models for Ag Substrates 
Figure 10. Fluctuations in Salivary Content for a Single Donor 
Figure 11. Sensitivity of Thiocyanate Biomarker on Ag Substrates 
Figure 12. Sensitivity of Thiocyanate Biomarker on Au Substrates 
Figure 13. Signal Intensity Versus Concentration Plot 
Figure 14. Age Effects on Thiocyanate Biomarker 
Figure 15. Saliva and Blood Mixtures 
Figure 16. Saliva and Vaginal Fluid Mixtures 
Figure 17. Absence of Thiocyanate in Original Extraction of Vaginal Fluid 
12 
19 
29 
30 
32 
33 
33 
37 
39 
41 
42 
43 
46 
49 
50 
  
  
 
 
 
xiii 
LIST OF ABBREVIATIONS 
 
Ag 
ALS 
Au 
cm-1 
ELISA 
HSA 
L 
miRNA 
mm2 
mW 
near-IR 
nm 
PEG 
RPM 
SERS 
SiO2 
µL  
Silver 
Alternative Light Source 
Gold 
Wavenumbers  
Enzyme-Linked Immunosorbent Assay 
Human Salivary Amylase 
Liters 
Micro-RNA 
Square Millimeters 
Milliwatts 
Near-Infrared 
Nanometer 
Polyethylene Glycol 
Revolutions Per Minute 
Surface-Enhanced Raman Spectroscopy 
Silicon Dioxide  
Microliter 
 
 
1 
 
 
 
1. INTRODUCTION 
1.1 Salivary Fluid in Forensic Casework 
 Through oral contact, saliva can be transferred to a variety of objects commonly 
encountered in forensic casework, such as cigarette butts, condoms, drinkware, clothing, 
and vaginal or penile swabs. As saliva does not require external stimulation for secretion, 
it is readily available for exposure to the external environment. For this reason, the 
detection and analysis of saliva are relevant to many types of crime, including but not 
limited to sexual assaults, kidnappings, homicides, and burglaries. Although the presence 
of saliva does not serve as a definitive indication of crime, it can link individuals to a 
crime scene or serve as evidence of physical contact. When sufficient quality and 
quantity of saliva is present at a crime scene or on an item of evidence, it typically serves 
as a source of DNA.1 Therefore, detection of saliva is also pertinent to the identification 
of potential victims and perpetrators. 
 
1.2 Chemical Compositions and Function of Saliva 
Whole saliva is a mixture of fluids secreted from the salivary glands, food 
remnants, epithelial cells, and mucous lining the pharynx and nasal cavity.2 Saliva is a 
slightly acidic exocrine secretion composed of 99% water, with the remaining 
components consisting of immunoglobulins, enzymes, ions, mucin, and other 
glycoproteins.3,4 Each of these components contributes to the overall role of saliva in 
regulating oral health and protection of the oral cavity.  
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Figure 1. Salivary Glands. Three salivary glands (sublingual, parotid, and submandibular) are responsible 
for secreting salivary fluids into the oral cavity. Source: Public Domain Image, Wikimedia Commons. 
 
There are three major salivary glands (parotid, submandibular, and sublingual) 
and hundreds of minor salivary glands located within the submucosa throughout the oral 
cavity (Figure 1).5 During basal unstimulated secretion, the contributions from the 
sublingual, parotid, and submandibular glands are 7.8%, 25%, and 60% respectively.3 
Upon gustatory, mechanical, or pharmacological stimuli, salivary secretions from the 
parotid glands increase between 50-70%.2,3,5 The minor salivary glands contribute 
approximately 10% to the total volume of both unstimulated and stimulated whole 
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saliva.3 In addition to the different quantities of saliva produced by each salivary gland, 
the difference in quality largely contributes to the variation in saliva composition.  
Depending on the salivary gland, secretions can be categorized as serous, mucous, 
or mixed.4 Parotid glands produce serous secretions, which are abundant in ions and 
enzymes.2 Ions such as sodium, potassium, and bicarbonates, as well as nitrogenous 
products such as urea and ammonia serve to monitor the buffering capacity of saliva.3,4 
The primary enzyme in saliva is human salivary amylase (HSA), a type of α-amylase 
common to other body fluids such as breast milk and perspiration.6 In the oral cavity, 
HSA is responsible for activating the breakdown of starch and fats for digestion.3 In 
addition to the enzymatic and ionic activity, parotid gland secretions are also rich in 
glycoproteins and agglutinins. These components stimulate agglutination of bacteria and 
accelerate bacterial removal from the oral cavity.3 Oral health regulations are further 
supported by immunoglobulins, specifically IgA, IgG, and IgM, which are present in 
varying quantities across all salivary gland secretions.2 Secretory IgA is the largest 
immunologic component in saliva and it acts as an immunological agent to regulate 
bacterial growth in the oral cavity.3,4 Inorganic components such as thiocyanate and 
nitrate are also present in small amounts to serve as intermediate antibacterial agents.7 
Salivary peroxidases derived from oral bacteria catalyze the oxidation of thiocyanate 
(SCN−) to hypothiocyanite (OSCN−), which regulates the accumulation of oral micro-
organisms by temporarily inhibiting the growth and metabolism of oral bacteria.8  
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Sublingual glands produce mucous secretions primarily composed of mucins, 
which are glycoprotein components of mucus. Mucin lubricates the oral cavity for 
protection of oral tissues against chemical and mechanical irritation.2 Secretions from 
submandibular glands contain a mixture of both serous and mucous secretions. 
Depending on the proportion of serous and mucous secretions, the antibacterial, 
enzymatic, buffering, and regulatory components will vary in concentration and activity.   
  
1.2.1 Individual Variations in Salivary Compositions 
 The average daily saliva production ranges between 0.5 and 1.5 liters (L), but 
salivary content and flow rate varies widely among individuals due to oral health 
conditions, dietary habits, and hydration levels.3,9 Prescription and non-prescription 
medications, as well as smoking and alcohol use, also influence the function of the 
salivary glands. Furthermore, genetic variations influence the number of copies of the 
AMY1 gene, which positively correlates to the oral salivary amylase concentrations.10 As 
salivary amylase comprises 40-50% of salivary protein, differences in HSA 
concentrations contribute to significant variations in the salivary content among 
individuals.  
 
1.3 Current Methods for Forensic Detection of Saliva 
 At a crime scene, saliva stains are not typically visible by the naked eye. Although 
dried saliva stains can appear as stiff white-colored stains, investigators commonly use an 
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alternative light source (ALS) to aid in the search for potential stains. When the light of 
an ALS projects onto biological evidence, it can give rise to fluorescence, a phenomenon 
in which light is absorbed by the biological evidence at a specific wavelength and the 
absorbed energy is then emitted at a longer wavelength.12 Saliva stains are visible under 
an excitation wavelength of about 450 nanometers (nm) with an orange barrier filter. 
Under UV light, saliva stains appear blue-white, but this cannot be differentiated from 
other body fluids such as semen and blood.6,12 As a result, further testing is required to 
identify the origin of the suspected biological fluid.  
Upon collection and retrieval to the laboratory, a range of presumptive tests for 
saliva is available. These screening methods typically involve enzymatic and 
immunologic tests based on the presence and activity of α-amylase.14 Salivary α-amylase 
is also present in other body fluids such as breast milk and perspiration. Due to the cross-
reactivity with other body fluids, limitations are imposed on the specificity of these 
presumptive assays for the detection of saliva.6 As a result, there are currently no 
confirmatory tests for saliva implemented in routine forensic casework.6,15  
 
1.3.1 Presumptive Tests Based on α-Amylase Enzymatic Activity  
 The most common techniques used to preliminarily screen for saliva are based on 
the enzymatic activity of α-amylase. One of the preliminary tests used in forensic 
laboratories is the starch-iodine test. Starch is a polysaccharide that reacts with iodine to 
produce a dark purple color.14 In the presence of α-amylase, starch is broken down into 
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mono- and disaccharides, which do not produce a color change upon reaction with 
iodine.6,14 Another preliminary test for saliva is the Phadebas® test (Magle Life Sciences, 
Sweden), which uses a Phadebas® tablet consisting of water insoluble Bio-Degradable 
Starch Microspheres (DSM).16 A blue dye is covalently bound to the microsphere and 
remains water insoluble. When α-amylase is present, it hydrolyzes the microsphere-dye 
covalent bond and the DSM degrades at a rate proportional to the α-amylase enzymatic 
activity. Upon liberation of the blue dye, it becomes water soluble and the dye 
concentration can be measured at 650 nm for quantitative measurement of the α-amylase 
activity.16  
 Although the starch-iodine test and the Phadebas® test are quick, user-friendly, 
cheap, and highly sensitive to α-amylase, these tests cross react with different biological 
matrices. Both detection techniques rely on the enzymatic activity of α-amylase, which is 
not exclusive to saliva. Although there are two different forms of α-amylase in humans, 
AMY1 and AMY2, both variants are nearly indistinguishable in regards to their enzymatic 
activity.6,14 As a result, false positive results are common for both preliminary tests when 
examining other body fluids such as urine and feces.14   
 
1.3.2 Presumptive Tests Based on Immunological Detection of α-Amylase 
 Immunological methods, such as chromatographic immunoassay cards are also 
used in routine forensic casework. The two most common immunoassay cards are 
RSIDTM Saliva (Independent Forensics, Illinois) and SERATEC® Amylase Test 
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(SERATEC GmbH, Germany). For these methods, human salivary α-amylase antibodies 
are the active compounds used to detect the presence of the amylase antigen, rather than 
enzymatic activity. In spite of the speed and ease of use, immunochromatographic strip 
tests are prone to false positive results with other body fluids.6  
An enzyme-linked immunosorbent assay (ELISA) method is also available for the 
detection of α-amylase activity. Although ELISA is a specific and sensitive technique, it 
is time-consuming compared to other presumptive testing methods and lacks efficiency 
for high throughput analysis in forensic casework.  
 
1.3.3 Emerging Techniques for Presumptive Testing of Saliva  
Due to significant shortcomings in currently employed presumptive tests for body 
fluid identification, alternative methodologies are under examination for the detection 
and characterization of body fluids in forensic analyses. Based on a proteomics approach, 
mass spectrometry-based techniques have been evaluated for the identification of protein 
biomarkers in body fluids of forensic interest.17 In 2016, Kamanna et al. proposed a direct 
approach for identification of forensic body fluids using matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry (MALDI-ToF-MS).15 Utilizing 
genotypic identification techniques, Courts et al. proposed a micro-RNA (miRNA) 
extraction that exploits body-fluid-specific micro-RNA signatures of blood and saliva for 
identification of body fluids and tissues in forensic casework.18 Although the proposed 
methodologies are capable of identifying body fluids in a confirmatory manner by 
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improving on the specificity and sensitivity of current presumptive tests, there is still a 
need for a non-destructive technique that can efficiently analyze all body fluids of 
forensic relevance.19   
 
1.4 Raman Spectroscopy  
Spectroscopy has maintained an important presence in many forensic disciplines, 
including drug chemistry, trace evidence analysis, and toxicology. In the past decade, 
Raman spectroscopy has been investigated for the identification and characterization of 
body fluids and mixtures for crime scene investigations.6,19,20 Offering high versatility 
and resolution, Raman spectroscopy has the potential for adaptations into a portable 
technology allowing for rapid detection and confirmatory identification of biological 
fluids.20  
 
1.4.1 Discovery of the Raman Effect 
  In 1928, Sir C.V. Raman and his student K.S. Krishnan observed a phenomena in 
which the frequency changes when light is scattered by different solvents.21 At that same 
time, two Russian physicists, Landsberg and Mandelstam, also observed the same 
phenomena with crystals. Their combined findings led to the discovery of the Raman 
effect. Despite the discovery of the Raman effect, advancements of Raman spectroscopy 
were severely limited until the development of the laser as the ideal excitation source of 
light scattering studies.22  
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1.4.2 Basic Principle and Theory  
 Raman spectroscopy is a type of vibrational spectroscopy based on the inelastic 
scattering of incident radiation, which is known as the Raman effect.23 When visible or 
near-infrared (near-IR) monochromatic radiation illuminates a sample, it interacts with 
the molecules such that a majority of the light is transmitted through nonabsorbing 
samples. However, a small portion of the light is scattered and depending on how the 
incident photon interacts with the molecules, it can result in either Raman or Rayleigh 
scattering (Figure 2).  
 In Rayleigh scattering, the energies of the scattered photons remain unchanged 
from the incident radiation and it is known as elastic scattering. Raman scattering is the 
analogous inelastic scattering where incident photons interact with the molecules to 
produce a net gain or loss in the energy of the scattered photons. Only a small portion of 
the scattered incident radiation results in Raman scattering.24 Typically, the average 
intensities of the Raman bands will be ≥ 0.001% of the intensity of the laser light.25   
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Figure 2. Energy Transitions for Rayleigh and Raman Scattering. Incident radiation scatters light in all 
angles. Rayleigh scattering involves elastic scattering of radiation at the same frequency as the incident 
light. Stokes Raman scattering involves emission of a lower energy photon and anti-Stokes Raman 
scattering emits a higher energy photon.  
 
 When a monochromatic beam of energy irradiates a sample, the inelastically 
scattered incident photon will excite the molecule to a higher or lower vibrational energy 
state in general. If a photon of higher energy than the excitation radiation is emitted, this 
higher frequency emission is referred to as anti-Stokes scattering and originates from an 
initially thermally populated vibrational level. Conversely, emission of a photon with 
lower energy than the excitation radiation results in Stokes scattering and originates from 
the lowest vibrational energy levels typically. As the ground or lowest vibrational state is 
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more populated than the higher lying vibrational states, the observed Stokes lines are 
more intense than the corresponding anti-Stokes lines.26 For this reason, Stokes lines are 
more commonly used in Raman spectroscopic studies.25 Although the magnitudes of the 
Raman shifts are independent of the incident radiation frequency, the Raman emissions 
are proportional to the fourth power of the frequency of the laser source.26  
 Raman scattering is observed when the energy difference between an incident and 
scattered electromagnetic wave is equivalent to the energy of a Raman active vibrational 
mode. The intensity of Raman scattering is proportional to the nuclear vibrational motion 
dependence of the electronic polarizability of molecules. This polarizability describes the 
distortion of the electron cloud of a molecule due to the external electronic fields or 
nuclear motions.  
 
1.4.3 Instrumentation 
 There are five instrumentation components for a Raman spectrometer, which 
includes the laser source, the sample stage, the wavelength selector, radiation transducer, 
and the computer data system (Figure 3).25 Lasers are the most common source of 
monochromatic radiation for Raman spectrometry because the intensities of Raman 
scattering are inherently weak compared to Rayleigh scattering. For this reason, the high 
intensities of lasers are utilized to generate Raman scattering with practical signal 
intensities and signal-to-noise ratios.  Selection of the excitation wavelength requires 
consideration of several factors such as Raman scattering cross-sections, fluorescence 
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characteristics of the sample, and laser power tolerance of the sample. The ideal laser 
source should generate high intensity Raman-scattered radiation without significant 
background fluorescence and photodecomposition.25  
 
Figure 3. Block Diagram of Raman Spectrometer. The five main components of a Raman spectrometer 
include a laser source, which illuminates the sample stage, a wavelength source, a radiation transducer, and 
a computer data system for spectral output. The wavelength selector is placed perpendicular to the laser 
source to minimize capturing stray light.  
 
A variety of laser sources are commonly available, including short-wavelength 
sources such as Argon and Krypton ion sources. Near-IR sources include diode and Nd-
YAG lasers, which are known to eliminate background fluorescence and minimize 
photodecomposition at high laser powers. The wavelength selection component’s primary 
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role is to separate the Raman lines from the significantly more intense Rayleigh lines. 
With the development of holographic notch filters, use of traditional multiple-grating 
monochromators have been largely replaced with more efficient combinations of notch-
filters and high-quality grating monochromators.25 Many modern Raman spectrometers 
also have a detection system integrated with charge-transfer devices, such as charge-
injection devices (CIDs) and charge-coupled devices (CCDs). In particular, CCDs are 
most commonly used in Raman systems due to their higher quantum efficiencies and 
lower signal-to-noise when compared to first generation array detectors, such as 
photodiode arrays, and photomultiplier tubes. 11,29  
  
1.4.4 Applications to Forensic Science 
 Raman spectroscopy is a non-destructive and rapid technique that offers high-
resolution identification of materials through structural and chemical characterizations. In 
forensic science, Raman spectroscopy is emerging as a powerful diagnostic tool for a 
wide range of disciplines, including but not limited to analysis of drugs of abuse, 
biological fluids, inks, and trace evidence. 11,20,24,30-32 
 With the development of new technology for portable Raman spectrometers, 
analytical testing is no longer restricted to a controlled laboratory environment and rapid 
on-site analyses are increasingly possible. This advancement is of great interest to 
institutions that work closely with unknown chemical and biological hazardous agents. 
Compared to other instrumentations such as Gas Chromatography-Mass Spectrometry 
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(GC-MS) and Liquid Chromatography-Mass Spectrometry (LC-MS), the portability and 
adaptability of a Raman system allows for identification of chemical and biological 
warfare agents, explosives, and toxic drugs with minimal contact and risk to the system 
operators. 30   
 
1.5 Surface-Enhanced Raman Spectroscopy  
  Despite the ability of Raman spectroscopy as an analytical tool to elicit the 
chemical structure and characterize unknown materials, the cross-sections for Raman 
scattering are low, leading to very weak signals especially for analytes at low 
concentrations.33 For this reason, high concentrations of sample are generally required to 
produce high-quality Raman spectra. However, due to the nature of crime scenes and 
forensic casework, large amounts of sample are not always available. The need for 
subsequent DNA testing often prompts for preservation of sample if the original evidence 
consists of trace amounts of biological material. In order to address the challenge for 
using Raman spectroscopy with low concentrations of biological material, surface-
enhanced Raman spectroscopy (SERS) emerges as an alternative optical technique for 
trace detection and identification of body fluids.  
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1.5.1 Basic Principle and Theory 
 SERS was discovered approximately 40 years ago when Fleischmann et al. 
observed large enhancements of Raman signal from pyridine adsorbed onto a silver 
electrode surface.34 The Raman signal can be enhanced by a factor of at least 106 for 
molecules situated near metal surfaces.13,35 The SERS effect is attributed to an 
electromagnetic and a chemical enhancement mechanism. The plasmonic or 
electromagnetic enhancement is the primary contributing enhancement mechanism, 
although the chemical enhancement mechanism can also contribute to the observed 
enhanced Raman scattering.   
 Light interactions are much more intense for molecules in close proximity to 
nanostructured metal surfaces. For molecules adsorbed onto or near (< 5 nm) the surface 
of a metal nanoparticle, optical excitation of the local surface plasmon resonances for the 
nanoparticle will effectively amplify the incident and scattered radiation light, and thus 
the Raman scattering will be greatly enhanced. Surface plasmons are the collective 
electron oscillations near the surface of a material. Localized surface plasmons only 
result from nanoscaled surface roughness or particles that exhibit curvature, such as 
nanoparticles. A flat surface does not support local surface plasmons and therefore does 
not produce enhanced Raman scattering.34,36  
 While  electromagnetic enhancement is a nondiscriminatory mechanism to the 
types of molecules adsorbed on the metal surface, the weaker chemical enhancement 
mechanism depends on the electronic properties of the adsorbed molecules and is due to 
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the charge transfer between the metal and the adsorbed molecule. When the incident 
radiation is resonant with these new charge transfer bands, the Raman is enhanced due to 
an electronic resonance effect in addition to the plasmonic mechanism.37  
There are different plasmonic materials available as SERS substrates, but gold 
and silver are most commonly used for SERS measurements because both metals are 
stable and exhibit surface plsamonic resonances in the visible to near-IR wavelength 
range of 400 nm to 1200 nm. For this reason, these metal substrates are compatible with 
many commercial Raman instrumentation systems.36 
 
1.5.2 Advantages of SERS  
 Traditional Raman spectroscopy is often limited by a small cross-section for 
Raman scattering, which results in a weak Raman signal. By exploiting the Raman 
scattering enhancements with SERS, high sensitivity for the detection and 
characterization of low concentrations of biological materials is made possible. The 
increased sensitivity greatly exploits the narrow Raman spectral features, which allows 
for the identification of different molecular components in analyses of samples with 
greater complexity, particularly complex body fluid mixtures.38 
 In addition, Raman spectroscopy can be subject to fluorescence interferences. 
Fluorescent backgrounds are often observed when using Raman spectroscopy for body 
fluid analysis. Many saliva stains are deposited onto clothing, which also commonly 
contain traces of perspiration. Perspiration is a highly heterogeneous matrix and 
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Sikirzhytski et al. reports that Raman and fluorescent spectra of perspiration are highly 
variable.19  However, fluorescence is effectively quenched through energy transfers to the  
active metal surface which is another important advantage that SERS offers compared to 
traditional Raman spectroscopy.39  
  
1.6 Research Objectives 
 Currently, forensic identification of biological stains is limited to individual body 
fluids, such that analysis of a mixture containing multiple body fluids will require a 
separate test for each biological component. Furthermore, all routine forensic tests for 
saliva are of a preliminary nature. Due to the lack of a confirmatory technique for saliva, 
SERS emerges as a potential technique that utilizes unique chemical signatures for the 
identification of a single or mixture of body fluids. This study is designed to examine the 
efficacy of a SERS-based methodology for the detection, characterization, and 
identification of human saliva. Objectives for this study consist of methodology 
optimization for the observation of SERS spectra of dried saliva stains and assessment of 
validation parameters such as the robustness, precision, and sensitivity for the analysis of 
trace amounts of saliva via SERS, as well as salivary mixtures with other body fluids for 
crime scene investigations.  
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2. MATERIALS AND METHODS 
2.1 Sampling Scheme 
All human biological fluids (vaginal fluid and saliva) used in this study were 
collected from anonymous donors with a collection protocol approved by the Boston 
University School of Medicine Institutional Review Board. The donors were restricted 
from food and drink intake for a 15-minute duration prior to specimen collection.  
 
2.2 Specimens and Storage 
 Liquid saliva from donors was collected into clean microcentrifuge tubes and 
stored frozen until the time of analysis. Human whole blood was purchased with EDTA 
as an anticoagulant (Research Blood Components, Boston, MA). Upon delivery of the 
whole blood, 9 x 1 microliter (µL) blood spots were deposited onto glass coverslips 
(Thermo Scientific, Tewksbury, MA) and stored in petri dishes for age and drying 
processes. All remaining blood specimens were stored in an 8°C refrigerator until 
additional samples are required for drying. Vaginal fluid samples were collected from 
donors via vaginal insertion and saturation of a cotton swab.40 Following collection, all 
vaginal fluid swabs were stored frozen until the time of analysis. 
 
2.3 Manufacture of SERS Active Substrates 
 All spectra reported in this study were acquired on SERS substrates prepared from 
a multistep in situ gold [Au] and silver [Ag] ion doped silicon dioxide (SiO2) sol-gel 
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protocol developed by Dr. Lawrence Ziegler’s research group at Boston University 
Photonics Center.41,42 Each substrate measures approximately 1 square millimeter (mm2) 
and the concave surface is coated with an outer layer of nanoparticle aggregates (Figure 
4). The SERS substrates are designed for optimal SERS enhancement at 785 nm and 
following synthesis, each batch of substrates was subsequently suspended in a diluted 
NaBH4 reducing solution to promote aggregation of Au or Ag nanoparticles.41,42 All 
SERS substrates were stored in a compact glove box (Plas-Labs, Lansing, MI) with a 
hygrometer (VWR International, Radnor PA) to maintain a relative humidity of 36.0-
40.0%.  
 (a)                                                                    (b)  
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Scanning Electron Microscope (SEM) Images of SERS Substrates. (A) SEM image of Ag 
SERS substrate and (B) SEM image of Au SERS substrate illustrating the dimensions of Ag and Au 
nanoparticle clusters on the substrate surface. Image Source43 
 
 
 Following synthesis of the SERS substrates, each batch was quality checked using 
a three-step sequence. SERS spectra were acquired from several substrates from each 
batch while wet with reducing solution, when dried, and lastly while wet with distilled 
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water. This three-step sequence allows for the detection of contamination and isolation of 
the contamination source.  
 
2.4 Sample Preparation 
 In order to mimic dried body fluid samples found at crime scenes, all biological 
fluids examined in this study (saliva, blood, and vaginal fluid) were dried for at least 24 
hours prior to analysis. The 1 µL dried spots were then rehydrated with 1 µL of water 
(distilled in laboratory) that was pipetted up and down several times over the stain to 
facilitate the rehydration process. Each extracted spot was deposited onto a clean 
nanoparticle chip and allowed to dry completely before spectral acquisition. All 
experiments with the exception of body fluid mixtures were conducted on both Au and 
Ag SERS substrates.  
  
2.4.1 Extraction Optimization 
Saliva is a viscous liquid and is highly heterogeneous due to the presence of food 
remnants and cell debris. In order to increase the homogeneity across all donated saliva 
samples, each sample was centrifuged at 4000 revolutions per minute (RPM) for 90 
seconds. When preparing 1 µL saliva spots for drying, only the supernatant was used 
from each saliva mixture.  
Different extraction solvents were also evaluated for their ability to reduce the 
viscosity of the matrix and to minimize the “coffee-ring effect” during the extraction 
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process. The “coffee-ring effect” refers to the ring-like formation that remains after 
evaporation or removal of liquid. When the water in saliva evaporates during the drying 
process, surface tension pushes the liquid to the edge of the spot, carrying the particles in 
the matrix towards the perimeter.44 Additional considerations for selection of an 
extraction solvent include chemical safety, cost, and stability. For forensic analyses 
conducted at the crime scene and in the laboratory, an ideal extraction solvent will be 
cheap and safe to use by the operator and surrounding personnel. Potential solvents 
evaluated were saline, water, and polyethylene glycol (PEG). Although use of saline 
lowers the viscosity of saliva and improves pipetting accuracy, it is not suitable for use on 
Ag SERS substrates because silver chloride is produced and precipitates on the metal 
surface. Further, the use of PEG did not result in a significant improvement on the signal 
intensities and signal-to-noise ratio (data not shown).  As a result, all data reported in this 
study are derived from dried saliva stains extracted with water.  
 
2.4.2 Molecular Components in Saliva  
 For the identification of saliva, it is important to identify the primary molecular 
components in this body fluid, particularly molecular components exclusive to saliva. 
Each molecular component is represented as a peak in the SERS spectrum and the unique 
combination of peaks will provide a SERS signature specific to saliva. Determination of 
molecular components in saliva is conducted by identifying the major peaks on a 
spectrum of neat saliva. As the frequency of each peak corresponds to specific atomic 
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motions, interpretation of peak frequencies will designate a preliminary set of molecular 
components. Verification of the molecular components in saliva was conducted by 
acquiring the SERS spectra of the chemical species identified in the preliminary set of 
molecular components.  
 
2.4.3 Dilutions  
 In order to examine the sensitivity of this technique, serial dilutions were prepared 
to determine the influence of concentration on signal intensities. Neat saliva was dried on 
a glass cover slip and dried for 24 hours. Following the drying process, the dried neat 
saliva was rehydrated with water and designated as the neat saliva sample. A serial 
dilution was prepared from the rehydrated neat saliva and continued until the 
characteristic SERS saliva spectral features were no longer evident.  
 
2.4.4 Body Fluid Mixtures 
 As body fluid mixtures are commonly encountered at crime scenes, it is important 
to examine the specificity and sensitivity of the SERS method for saliva in the presence 
of other biological matrices. Mixtures of saliva and blood are frequently observed in bite-
marks and discharged fluids from the oral cavity in assault cases. In sexual assault cases, 
mixtures of saliva with semen, blood and vaginal fluid, are also pertinent for 
determination of oral, anal, or vaginal penetration, respectively. As the SERS 
methodology for blood and vaginal fluid characterization on Ag substrates is still 
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underway, all characterization and identification of salivary mixtures were conducted 
with Au SERS substrates.  
 
2.4.4.1 Saliva and Blood Mixtures 
In order to prepare mock saliva and blood mixtures, neat saliva was mixed with 
neat blood at volume ratios of 1/4, 1/2, and 3/4. Each saliva and blood mixture was mixed 
with a vortexer (Barnstead/Thermolyne Type 16700 Maxi-Mix 1 Vortexer, Dubuque, IA) 
for 15 seconds and 9 x 1 µL aliquots were deposited onto glass cover slips for a 24-hour 
drying process. Neat saliva and neat blood samples were also prepared for the 24-hour 
drying period.  
 
2.4.4.2 Saliva and Vaginal Fluid Mixtures 
 Previously collected vaginal fluid swabs were used to prepare a mixture with 
saliva. After allowing the vaginal fluid swabs to warm up to room temperature for 15 
minutes, a 2 mm x 4 mm square was cut from the cotton tip of the swab. The swab cutout 
was rehydrated with 20 µL of water and the solution was pipetted up and down for 10 
times to facilitate the elution process. After a 10-minute rehydration period, neat saliva 
was mixed with the extracted liquid, designated as the original vaginal fluid swab extract, 
at ratios of 1/100, 1/10, 1/4, 1/2, and 3/4. All mixtures were vortexed for 15 seconds 
before 9 x 1 µL aliquots were deposited on a glass cover slip to dry for 24 hours. The 
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original vaginal fluid swab extract and the neat saliva were also respectively prepared for 
a 24-hour drying period.   
 
2.4.5 Aging Effects of Potential Saliva Biomarkers  
 For most crime scenes, investigators and forensic scientists arrive on scene hours 
after occurrence of the crime. Between fluid deposition at the crime scene and the time of 
analysis, biological samples are subject to a variety of environmental conditions that may 
impact the stability of thiocyanate in saliva.  As a result, it is important to examine 
whether environmental and aging factors contribute to SERS signal degradation of saliva 
components.   
The saliva samples examined for aging effects were derived from different 
anonymous donors and aged on different substrates. Four dried saliva samples were 
obtained: a 1-day old sample, a 6-month old sample, a 12-month old sample, and a 20-
month old sample. With the exclusion of the 20-month old sample, which was donated on 
a cotton swatch, all aging samples were dried on glass cover slips. As most biological 
fluids are stored frozen to preserve signal degradation, these saliva samples were left at 
room temperature to evaluate the temperature effects.  
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2.5 SERS Spectral Data Acquisition and Analysis 
 All SERS spectra acquired for this study were obtained using an RM-2000 
Renishaw Raman microscope with a 50x objective (Leica Microsystems, Wetzlar, 
Germany) and 785 nm diode laser (HPNIR785, Wotton-under-Edge, Gloucestershire). 
Routine frequency calibrations were conducted with a silicon wafer, which gives rise to a 
characteristic 520 wavenumbers (cm-1) band. A WiRE 2.0 Software (Renishaw, Wotton-
under-Edge, Gloucestershire) was used for data collection and spectral processing, 
including cosmic ray removal, peak location determination, and spectral cutting. 
Acquisition parameters for saliva samples were optimized at 1% incident laser 
power, equivalent to 0.34 milliwatts (mW), and 10 seconds of illumination time. This 
illumination mode was also utilized for saliva and blood mixtures, but a 10% incident 
laser power with 25% defocus was selected for maximized signal enhancement of saliva 
and vaginal fluid mixtures.40 SERS substrates loaded with biological fluids were aligned 
under the objective lens and a substrate location was selected according to the signal 
intensities acquired from 1-second real time spectral acquisitions centered at 450 cm-1. 
Upon selection of a substrate location, a spectrum with spectral cutoffs of 200 cm-1 and 
2400 cm-1 was acquired over 10 seconds of illumination. Following spectral acquisition, 
GRAMS/AITM Spectroscopy Software (Thermo ScientificTM) was used for visualization 
of spectroscopy data.  
  
 
 
 
26 
 
 
 
2.6 Statistical Analysis  
 MATLAB R2016a (MathWorks, Natick, MA) was used to conduct spectral 
fittings and baseline corrections of the raw data. An in-house written MATLAB script 
was used as the basis for spectral processing and the script was modified as necessary. 
Partial Least Squares – Discriminant Analysis (PLS-DA) was used to classify and 
examine donor variability between the saliva donors.  
PLS-DA is an algorithm designed to maximize separation between data sets. A 
PLS-DA toolbox operated with the MATLAB platform was utilized for this study. The 
first step to building a PLS-DA model was to specify the number of classes and the total 
number of members per class. After loading spectral data, a cross-validation was 
performed using one of four available methods: venetian blind, contiguous blocks, 
random subsets, and leave-one out. The purpose of conducting a cross-validation was to 
evaluate the complexity of the model and to assess the model performance with unknown 
data sets. Under each cross-validation method, there was an operator-designated number 
of sub-validation experiments, which is a series of subset data removed from the original 
data set. The remaining dataset was subsequently used to construct the PLS-DA model.  
For both Au and Ag substrates, 8 SERS spectra were acquired for each of the 12 
donors. Accordingly, the 12 donor samples and the corresponding spectral data were used 
to construct a PLS-DA model consisting of 12 classes with 8 members per class. Cross-
validation was conducted using a random subsets method with 10 designated sub-
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validation experiments and 20 test samples randomly selected across members of the 12 
classes.  
The cross-validation results produced a root mean square error of cross-validation 
(RMSECV) plot, which was used to determine the number of latent variables used for the 
PLS-DA model. Latent variables are the basis for separation of classes and for this study, 
latent variables refers to the number of features used to examine spectral data for 
classification purposes. Based on the RMSECV plot, 14 latent variables for Au substrates 
and 18 latent variables for Ag substrates corresponded to the lowest average cross-
validation error. These selected latent variables were subsequently used to classify 
spectral data into their predicted class and a confusion table was generated for each PLS-
DA model to summarize the corresponding sensitivity and selectivity.  
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3. RESULTS AND DISCUSSION 
3.1 Molecular Components of Human Saliva  
Dried neat saliva was analyzed on both Au and Ag substrates to examine the 
major molecular components of human saliva. In comparison to other body fluids such as 
neat semen, blood, and vaginal fluid, acquired spectra for saliva reflect a distinctive 
three-peak signature. On both Au and Ag substrates, these three peaks are approximately 
located at 440 cm-1, 740 cm-1, and 2100 cm-1. The vibrational modes of these frequencies 
correspond to the bending and stretching vibrations for thiocyanate, an intermediary 
antibacterial agent inherent to saliva.45-47 The observed peaks and specific vibrational 
assignment are summarized in Table 1. In order to confirm the thiocyanate signals in 
saliva, 50 uM of potassium thiocyanate was also analyzed on Au and Ag substrates in 
parallel (Figure 5).   
 
Table 1. Observed Frequencies of SERS Raman Spectra of Human Saliva at 785 nm 
 
*These two peaks were observed as reproducible minor shoulder peaks on Au substrates (refer to Figure 5).  
 
 
Substrate SERS (cm-1) Assignment 
Gold  
 
Silver  
417*, 440  
714*, 740 
2112 
 
441 
740 
889 
2101 
S−C≡N bending vibration 
C−S stretching vibration 
−C≡N stretching vibration 
 
S−C≡N bending vibration 
C−S stretching vibration 
--- 
−C≡N stretching vibration 
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Comparison of the observed frequencies for Au and Ag substrates indicate that 
the frequency shift for the S−C≡N bending vibration is at 440 cm-1 and the C−S 
stretching vibration is at 740 cm-1. For the −C≡N stretching vibration, the peak shifted 
from 2112 cm-1 on Au substrates when compared to Ag substrates (2101 cm-1). 
Furthermore, there is a characteristic peak at 889 cm-1 on Ag substrates, which is not 
observed on the Au substrates, and has not been identified. Due to the greater reactivity 
of Ag substrates it is likely that this peak arises due to some specific metal-thiocyanate 
interactions.   
 
Figure 5. Molecular Components in Saliva. Average SERS spectra for dried neat saliva on silver and 
gold substrates respectively. The average SERS spectra for 50 uM potassium thiocyanate are also reported 
and the characteristics peaks in saliva are evidently attributed to thiocyanate.   
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3.2 Donor Variability 
 As previously mentioned, salivary composition can vary greatly between 
individuals, and even within an individual on a day-to-day basis due to fluctuations in 
hydration levels, dietary habits, and general health. Saliva from twelve anonymous 
donors was collected and SERS spectra were acquired from these saliva samples on both 
Au and Ag substrates (Figure 6).  
 
 
 
 
(A)                
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(B)  
Figure 6. Donor Variability on Au and Ag Substrates. (A) Averaged SERS spectra of dried neat saliva 
from 12 donors on Au substrates. (B) Averaged SERS spectra of dried neat saliva from 12 donors on Ag 
substrates.  
 
 
Upon visual inspection, saliva samples from all 12 donors exhibit the 
characteristic 3-peak thiocyanate signature on Au substrates and the 4-peak thiocyanate 
signature on Ag substrates. Between the 12 donors, there are slight peak shifts observed. 
On Au substrates, this peak corresponding to the CN stretch is observed between 2107 
cm-1 and 2113 cm-1. On Ag substrates, this peak is red shifted and ranges between 2094  
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cm-1 and 2104 cm-1. Although there are protein components present as well, the SERS 
signal of these additional salivary elements is relatively weak in comparison to the 
thiocyanate signal. Use of PLS-DA analysis also indicates that there are some discernable 
smaller differences among the donor samples (Figure 8-9). However, the PLS-DA 
classification models for both Au and Ag substrates illustrate that in spite of the spectral 
variance, reliable differentiation of the 12 donor sets was not possible. In contrast, class 
members of the donor sets were accurately identified as saliva despite peak shifts and 
variable SERS signals from minor salivary constituents (Figure 7).  
 
Figure 7. PLS-DA Model for Classification of an Unknown Body Fluid Sample. A PLS-DA model was 
constructed using a set of SERS spectra acquired from dried saliva, dried blood, and dried extract from 
vaginal fluid swabs respectively. A separate set of saliva spectra was analyzed as an unknown sample set 
using this PLS-DA model and it was classified as dried saliva with 100% sensitivity and specificity.  
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Figure 8. PLS-DA Model for Au Substrates. Donor sets A-L are PLS-DA analyses for each of the twelve 
donors, which were all correctly identified as saliva. This classification technique does not permit donor 
differentiation as demonstrated by PLS-DA models for donor sets C, E, G, K, and L (average specificity for 
all donors: 96% and average sensitivity for all donors: 89%). 			
 
Figure 9. PLS-DA Model for Ag Substrate. Donor sets A-L are PLS-DA analyses for each of the twelve 
donors, which are all correctly identified as saliva. This classification technique does not permit donor 
differentiation as demonstrated by PLS-DA models for donor sets B, D, E, F, G, J, and K (average 
specificity for all donors: 97% and average sensitivity for all donors: 77%).  
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For Ag substrates, the PLS-DA model was constructed with 18 latent variables 
and cross-validated with a random subset method, in which 10 sub-validation 
experiments and 20 test samples were selected per sub-validation. This model refers each 
set of donor samples as a class and the results indicate that each set of donor samples was 
distinguished from one another with an average of 77% sensitivity and 97% specificity. 
This is further emphasized by the confusion table, which illustrates that donor sets  #2, 4, 
6, 7, 8, and 11 cannot be successfully classified to their own class (Table 2). For both 
donor sets 6 and 7, the PLS-DA model misclassifies at least 75% of the spectra into 
donor set 2. In spite of the misclassification under the PLS-DA model, all class members 
are correctly identified as saliva.  
  
 
Table 2. Confusion Matrix for Donor Saliva Samples on Ag Substrates. Each column corresponds to 
one of the 12 donor sets examined for donor variability. Every class contains 8 members and each column 
illustrates how the model classified the 8 members for that specific class.    
 
  Actual Class 
Pr
ed
ic
te
d 
C
la
ss
 
 1 2 3 4 5 6 7 8 9 10 11 12 
1 8 0 0 1 0 0 0 1 0 0 0 0 
2 0 6 0 0 0 6 8 1 0 0 2 0 
3 0 0 8 0 0 0 0 0 0 0 0 0 
4 0 0 0 6 0 0 0 0 1 0 0 0 
5 0 0 0 0 8 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 0 0 
7 0 2 0 0 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 1 0 6 0 0 0 0 
9 0 0 0 0 0 0 0 0 7 0 0 0 
10 0 0 0 0 0 0 0 0 0 8 0 0 
11 0 0 0 1 0 1 0 0 0 0 6 0 
12 0 0 0 0 0 0 0 0 0 0 0 8 
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Table 3. Confusion Matrix for Donor Saliva Samples on Au Substrates. Each column corresponds to 
one of the 12 donor sets examined for donor variability. Every class contains 8 members and each column 
illustrates how the model classified the 8 members for that specific class.  
 
  Actual Class 
Pr
ed
ic
te
d 
C
la
ss
 
 1 2 3 4 5 6 7 8 9 10 11 12 
1 7 0 0 0 0 1 0 0 0 0 0 0 
2 0 8 0 0 1 0 0 0 0 0 0 0 
3 0 0 5 0 0 0 1 0 0 0 1 1 
4 0 0 0 7 0 0 1 0 0 0 0 0 
5 0 0 1 0 7 0 0 0 0 0 0 0 
6 1 0 0 0 0 7 0 0 0 0 0 0 
7 0 0 0 0 0 0 6 0 0 0 0 0 
8 0 0 0 0 0 0 0 8 0 0 0 0 
9 0 0 0 0 0 0 0 0 7 0 0 0 
10 0 0 0 0 0 0 0 0 0 8 0 0 
11 0 0 2 1 0 0 0 0 1 0 7 1 
12 0 0 0 0 0 0 0 0 0 0 0 6 
 
Similarly, spectral data acquired from Au substrates were also used to build a 
PLS-DA model using 14 latent variables and cross-validation with the random subset 
method. The PLS-DA model for Ag substrates indicates that spectral data from donor sets 
3, 7, 9, 11, and 12 were also misclassified to other classes (Table 3). This demonstrates 
that while the minute differences in band shifts and protein content are not sufficient for 
reliable separation between donors, they do not hinder the accurate identification of all 96 
class members as saliva.  
Although the PLS-DA models reflect a discernable difference between a majority 
of the donor sets, the range of differences observed among the twelve donors was also 
observed for a single donor. Due to the daily fluctuations in salivary content and activity, 
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the concentration and detectable signals from the minor constituents results in subtly 
different SERS spectra (Figure 10).    
These results indicate that saliva collected from a single donor on different days 
will also exhibit the range of spectral differences that span across the twelve donors. 
While the three thiocyanate peaks are present in all six saliva samples, there are distinct 
spectral differences between the 800 cm-1 and 1800 cm-1 range. Within that spectral 
window, two samples do not exhibit any detectable peaks while broad peaks at 1450 cm-1 
and 1660 cm-1 are observed on other samples respectively. Although the collection 
protocol prohibits donors from eating/drinking for fifteen minutes prior to sample 
collection, every saliva sample collected from a single donor will likely result in a 
different SERS spectrum due to the variations in hydration level, state of health, ingestion 
of medications, and possible medication side effects such as dry mouth. All of these 
conditions are uncontrolled variables that are not accounted for by the collection 
protocol. As a result, the discernable differences captured by the PLS-DA models may be 
attributed to day-to-day fluctuations and suggests that the SERS technique is not capable 
of reliably individualizing saliva samples to their respective donors.  
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(A)  
 
 
 
 
 
 
 
 
(B)  
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Fluctuations in Salivary Content for Single Donor.  (A) For a single donor, six saliva 
samples were collected at different dates and times of the day. Dried neat samples from these six 
collections were processed and extracted for SERS spectral acquisition on Au substrates. (B) The same set 
of spectra as those depicted in (A) are zoomed in between 800 and 1800 cm-1 to emphasize the difference in 
signals from the minor salivary constituents.    
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Furthermore, other body fluids such as vaginal fluid, semen, and blood are 
characterized by different SERS signatures that do not consist of the characteristic 
thiocyanate bands used for identification of saliva. 40,41,48 Due to the robust salivary 
thiocyanate signals, the variability arising from spectral fluctuations does not interfere 
with the detection and characterization of saliva. For forensic casework, this technique is 
highly sensitive to thiocyanate if saliva is present, but at the moment, it is not sufficient 
for use to distinguish between saliva mixtures originating from two or more individuals.  
 
3.3 Limit of Detection of Thiocyanate Biomarker  
 It is important to evaluate the sensitivity of the thiocyanate biomarker because 
identification of saliva with this SERS methodology primarily relies on the detection of 
the thiocyanate signature. On Ag substrates, SERS spectra acquired from dried neat 
saliva, a 1/10 dilution, and a 1/100 dilution consist of the three characteristic thiocyanate 
peaks at great signal-to-noise ratio (Figure 11). At 1/200 dilution, the signal-to-noise ratio 
decreases and at the 440 cm-1 peak, there is a 30% decrease in signal intensity, relative to 
the 1/100 dilution. At a 1/500 dilution, a further 49% decrease is observed in signal 
intensity for the 440 cm-1 peak and a 51% decrease in the 2096 cm-1 peak. At 1/750 
dilution, the 440 cm-1 peak is no longer observed. According to these results, the limit of 
detection for the thiocyanate signature in a saliva matrix is 1/500 dilution (Figure 13).  
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While the thiocyanate signal weakens as the concentration of saliva decreases, the 
SERS signal becomes stronger for other salivary components such as proteins and uric 
acid. Compared to the SERS spectra of neat dried saliva, the fine features for the SERS 
spectra are more prominent at lower concentrations. However, the frequency and 
intensity of these concealed components may greatly fluctuate depending on the 
individual’s food intake and hydration level prior to saliva donation.  
 
 
Figure 11. Sensitivity of Thiocyanate Biomarker on Ag Substrates. SERS spectra acquire from a series 
of diluted saliva to determine the limit of detection of thiocyanate in saliva. All spectra reported here are 
acquired from saliva donated from a single individual.  
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 The same saliva sample and dilutions analyzed with Ag substrates were also 
examined in parallel on Au substrates and complete signal loss of the thiocyanate peaks 
was observed at the 1/500 and 1/700 dilutions on Au substrates (Figure 12a). In 
comparison with the SERS spectra acquired on Ag substrates, it is evident that the Au 
substrates are less sensitive to thiocyanate. Due to the metal-thiocyanate interactions on 
the surface of the substrates, the change in metal between silver and gold will 
significantly alter the surface chemistry and the specific orientation at which the 
thiocyanate interacts with the substrate. However, this provides insight into the large 
dynamic range offered by this technique, as evident in the 1/750 dilution on Au 
substrates, where the uric acid doublet at 1571 cm-1 and 1602 cm-1 is detected with 
excellent signal-to-noise.  
 For any compounds analyzed on the SERS substrate, the chemical affinity of the 
Ag or Au nanoparticles and the relative concentration of the compound determine the 
strength of the surface chemistry. At a 1/500 dilution of saliva, proteins and other salivary 
components are the primary elements detected on Au substrates. In spite of the low 
concentration, thiocyanate is readily detected at 1/500 dilution with great signal-to-noise 
ratio on Ag substrates. This indicates that Ag substrates have a greater affinity for 
thiocyanate, and at increasingly low concentrations, the surface chemistry on Au 
substrates is more selective towards other salivary components, such as enzymes and uric 
acid.    
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(A)   
 
 
 
 
 
 
 
 
(B)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Sensitivity of Thiocyanate Biomarker on Au Substrates. SERS spectra acquired from a 
series of diluted saliva to determine the limit of detection of thiocyanate in saliva. All spectra reported here 
are acquired from saliva donated from a single individual on two separate days and (A) was acquired on the 
same day as Figure 10, while  (B) was acquired on a separate day.  
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Figure 13. Signal Intensity versus Concentration Plot. The signal intensity of the thiocyanate peak at 
440 cm-1 is plotted against the concentration of that saliva sample to illustrate the limit of detection for the 
SERS thiocyanate signature on Ag and Au substrates (Figure 11 and 12a). The neat dried saliva sample has 
a concentration designated as 1 and the concentration of saliva samples diluted from the neat dried saliva 
sample is represented by a concentration according to the dilution factor. The trendline equation for Au 
substrates is y=7390.7x + 4462.2 and that of Ag substrates is y=5999.1x+981.87.  
 
As previously mentioned, the activity and concentration of salivary components 
can fluctuate on a day-to-day basis for individuals. For the same donor, a dilution series 
was conducted with saliva collected on a different day to evaluate the daily variations in 
the limit of detection for thiocyanate (Figure 12). As expected, the saliva sample from the 
same donor had a different concentration of thiocyanate and the limit of detection of 
thiocyanate on that day was 1/100 dilution. When compared to the results obtained on the 
previous day, for which the limit of detection was determined as 1/200 dilution, it is 
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evident that the limit of detection for thiocyanate can significantly vary among and 
between individuals. While this methodology is capable of achieving high sensitivity, its 
efficiency in identification of saliva is greatly dictated by the inherent concentration of 
thiocyanate present in an individual’s salivary fluids.  
 
 
3.3.1 Aging Effect on Signal Degradation of Thiocyanate Biomarker 
 
 The sensitivity study also evaluated whether aging factors and exposure to 
artificial light and ambient temperatures affect detection of the thiocyanate biomarker. 
Although the sensitivity results established that the detectability of the thiocyanate 
biomarker is governed by an individual’s inherent concentration of salivary thiocyanate, 
it is important to preliminarily evaluate the detection window for this biomarker. Saliva 
samples from different donors were analyzed immediately after collection and at the 6-
month, 12-month, and 20-month mark, respectively. SERS spectra were acquired in 
parallel on Au and Ag substrates to further compare the sensitivity of each substrate for 
thiocyanate in aged saliva (Figure 14).     
(A)  
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(B)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Age Effects on Thiocyanate Biomarker. (A) SERS spectra of four aged saliva samples 
acquired on Au substrates. (B) SERS spectra of four aged saliva samples acquired on Ag substrates. The 
same sample was run parallel on both Au and Ag substrates to minimize contamination and external 
factors.  
  
On both Au and Ag substrates, the thiocyanate biomarker was detectable with 
excellent signal-to-noise ratios at all four time stamps. With respect to the Au substrate, 
the 2119 cm-1 peak is approximately 45 cm-1 broader than the other three age samples. 
Furthermore this peak is not consistent over time and shifts between 2104 cm-1 – 2119 
cm-1.  Similarly, peak shifting is also observed for Ag substrates as it oscillates between 
2098 cm-1 and 2115 cm-1. Due to the surface chemistry and metal-thiocyanate bond 
interactions, as the bond stretches to various degrees, the polarizability of the bond 
changes, which leads to peak shifting on the SERS spectra.49 The small spectral 
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fluctuations serve to reflect the surface chemistry of the substrate and do not hinder the 
characterization of thiocyanate.  
These results are of great interest to the forensic community because the ability to 
rapidly detect saliva stains allows for identification of probative evidence that may be 
suitable for subsequent DNA analysis. Due to variations in salivary thiocyanate 
concentrations across individuals, it is important to consider that the reported results are 
limited due to a small donor population. Additionally, the aged samples used in this study 
originated from different individuals, which does not allow for definitive confirmation 
that no signal degradation occurred over time. However, detection of saliva is possible at 
a detection window of 20-months, the maximum timeframe tested in this study. Due to 
donor variations, the detection period for a given saliva stain is likely to vary.  
 
3.4 Human Body Fluid Mixtures 
 At many crime scenes, biological fluids are present in a mixed sample consisting 
of human fluids such as saliva, semen, blood, and vaginal fluid. For sexual assault cases, 
mixtures of saliva with blood and vaginal fluid are commonly encountered as sources of 
DNA to identify possible perpetrators.  
 
3.4.1 Saliva and Blood Mixtures 
 In order to assess the efficiency of this SERS methodology in detecting and 
identifying saliva from a dried stain of saliva and blood mixture, three mixtures 
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consisting of different ratios of blood and saliva were prepared for analysis. At a ratio of 
25% saliva and 75% blood, the peak at 1550 cm-1 with a shoulder peak at 1513 cm-1 is 
indicative of hemoglobin in the mixture (Figure 15).41 As the ratio of blood to saliva 
decreased, the hemoglobin peaks remained strong and prominent while the thiocyanate 
peaks at 440 cm-1, 740 cm-1, and ~2113 cm-1 sharpened and increased in signal intensities. 
From the SERS spectra with dried neat blood, a small thiocyanate peak was present at 
441 cm-1 and 2103 cm-1. Tsuge et al. reports that the average plasma thiocyanate 
concentration for healthy adults is 111.2 µM.50 As thiocyanate is also an inherent 
component of blood, this limits the ability to detect trace amounts of saliva when blood is 
also present in the mixture.  
 
(A)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
47 
 
 
 
(B)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Saliva and Blood Mixtures. (A) SERS spectra of dried neat blood and dried neat saliva, as well 
as the three mixtures consisting of different ratios of each body fluid. (B) Spectral fitting of the spectra for 
each mixture was conducted by vector manipulation and visual examination. Coefficients of 0.25 and 0.75 
were used for the mixture containing 25% saliva and 75% blood. Fitting for the 50% and 75% saliva 
mixtures had coefficients of 0.40 and 0.75 for saliva respectively.  
 
 
3.4.2 Saliva and Vaginal Fluid Mixtures  
 In order to evaluate the sensitivity and specificity of this technology for 
identifying saliva in salivary mixtures with vaginal fluid, a series of five mixtures 
containing different ratios of each body fluid was prepared for analysis. For all mixtures, 
salivary thiocyanate was successfully detected without concealing the signature peaks for 
vaginal fluid (Figure 16). The acquired SERS spectra illustrates that salivary thiocyanate 
can be readily detected in a mixture containing 1% saliva and 99% vaginal fluid (Figure 
17a). Although a minor peak is observed in the 2100 cm-1 range for the spectrum of the 
original extraction of vaginal fluid, a corresponding peak around 440 cm-1 for the S−C≡N 
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bending vibration is absent (Figure 17b). This indicates that another component in 
vaginal fluid with a CN vibration is present, but this compound is not thiocyanate.  
Previous research on vaginal fluid indicates that the peaks observed at 734 cm-1,  964  
cm-1, 1318 cm-1, and 1458 cm-1 are attributed to combinations of adenine and 
hypoxanthine.40  
 For the averaged spectrum of dried neat saliva, the peak at 741 cm-1 is fairly 
weak, which is characteristic of the thiocyanate signature on Au substrates. When saliva 
is mixed with vaginal fluid, the 741 cm-1 peak is absent and replaced with a peak at 734 
cm-1. Although the adenine peak conceals the 741 cm-1 for thiocyanate, the 440 cm-1 and 
2107 cm-1 peaks are indicative of the presence of thiocyanate in the sample. Furthermore, 
as the saliva content decreases, the peak at 734 cm-1 sharpens and loses the shoulder peak 
at 721 cm-1. It is possible that the Au substrates have a greater affinity to adenine than 
thiocyanate, which may prompt changes in the structural orientation of thiocyante when it 
binds with the metal on the surface of the substrate.  
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Figure 16. Saliva and Vaginal Fluid Mixtures. (A) SERS spectra of dried neat saliva and dried original 
extraction of a vaginal fluid swab, as well as 5 mixtures composed of different ratios of saliva and vaginal 
fluid. 
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(A) 
 
 
 
 
 
 
 
 
(B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Absence of Thiocyanate in Original Extraction of Vaginal Fluid. (A) Spectral fitting for 
each mixture sample. Starting from the first spectra with 75% saliva to the bottom spectra with 1% saliva, 
coefficients of 0.95, 0.50, 0.25, 0.015, and 0.1 were used respectively for each subsequent spectral fitting. 
(B)This figure depicts a spectral overlap of the 1% saliva and 99% vaginal fluid mixture spectrum with the 
original extraction of vaginal fluid spectrum. For the spectrum of 1% saliva and 99% vaginal fluid mixture 
(orange), there is a peak observed at 444.6 cm-1, which corresponds to the S−C≡N bending vibration of 
thiocyanate. This peak is absent in spectrum for the original extraction of vaginal fluid (blue), indicating 
that thiocyanate is not present in pure vaginal fluid.   
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For forensic casework, it is highly valuable to have the ability to detect trace 
amounts of saliva in body fluid mixtures. The higher specificity of this technology for 
detecting saliva in salivary mixtures with vaginal fluid is due to lack of thiocyanate in 
vaginal fluid. Currently, preliminary testing of body fluids requires separate tests for each 
body fluid, which is challenging when only trace amounts of body fluids are available. 
This methodology could be particularly useful for small volume mixtures, and these body 
fluid mixture results demonstrate that SERS is capable of detecting and identifying trace 
amounts of saliva within complex body matrices from as little as 1 µL of sample. 
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4. CONCLUSION 
4.1 Applicability of the SERS methodology in Forensic Casework 
 Using this technology, the major molecular component detected in saliva was 
salivary thiocyanate. Due to the absence of other prominent bands, the three-peak 
thiocyanate signature at 440 cm-1, 740 cm-1, and 2107 cm-1 is recommended for use as a 
biomarker in the detection and identification of liquid and dried saliva. Examination of 
donor variability among and within individuals demonstrates the extensive variability in 
salivary thiocyanate concentrations. Due to dietary habits, lifestyle and general health, 
salivary thiocyanate content fluctuates greatly on a day-to-day basis for a single 
individual. As a result, the sensitivity of this technology is limited by the inherent 
thiocyanate concentrations of individuals. In the samples utilized for this study, SERS 
could readily detect salivary thiocyanate at concentrations as low as 1/100.  
 Classification of spectral data from 12 donors indicates some donor variability 
arising from differences in protein content. However, deviations in matrix proteins do not 
hinder the identification of saliva because this methodology uses a salivary thiocyanate 
SERS signature for the basis of saliva detection.  A preliminary age study demonstrates 
that saliva can be rapidly identified in 20-month old samples aged at room temperature. 
This suggests that the salivary thiocyanate SERS signature is stable without the need for 
controlled environments and therefore, highly suitable for use in forensic identification of 
human body fluids. This study demonstrates that SERS is a rapid and sensitive technique 
for the detection and identification of saliva in forensic casework.   
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4.2 Recommended Substrate 
 This study examined two potential substrates and their corresponding efficiencies 
in body fluid detection for forensic casework. The thiocyanate signature is readily 
observed on both Au and Ag substrates. With respect to sensitivity, Ag substrates are 
more sensitive and detect thiocyanate at lower concentrations of saliva. Au substrates 
exhibit greater selectivity for other salivary components at low thiocyanate 
concentrations, which can be useful in characterizing the protein content. In the oldest 
aged sample (20-months), saliva was successfully identified on both Au and Ag 
substrates. 
  In consideration of salivary mixtures with other body fluids, preliminary results 
suggest that Au substrates produce more robust and reproducible signals. As blood and 
vaginal fluid signatures on Ag substrates are not well established currently, it is 
preferable to use Au substrates for characterizing biological components in body fluid 
stains. Furthermore, the average shelf-life of Ag substrates are approximately one week, 
compared to a three to four week shelf-life for Au substrates (data not shown). Ag 
substrates are also highly sensitive to humidity changes, which is difficult to control 
when conducting on-site testing at crime scenes. In view of all experimental results, Au 
substrates are recommended for use with this SERS methodology.   
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4.3 Future Studies 
4.3.1 Optimization of SERS substrates  
 As the platform for data acquisition, it is essential to streamline and optimize the 
manufacture of SERS substrates. Currently it is necessary to test multiple SERS 
substrates to ensure reproducibility because the quality of the SERS substrates varies 
among and within batches. In order to reduce the time required for sample preparation, 
the substrate synthesis protocol must be altered to produce SERS substrates with 
consistent quality across batches. For on-site testing at crime scenes, further research is 
necessary to investigate the proper vehicle to transport and protect the sensitive 
substrates.  From a cost perspective, it is also important to lengthen the shelf life and 
improve the robustness of the Ag substrates.  
 
4.3.2 Further Optimization of Saliva Extraction Protocol 
 One of the most important components in extracting a saliva stain is the choice of 
extraction solvent. Although water is a low cost and hazard-free solvent, it is not the most 
efficient extraction solvent. The coffee ring effect was observed throughout this 
experiment, which limits the detection of salivary thiocyanate at low concentrations. In 
order to achieve maximum extraction of salivary thiocyanate from dried body fluid, it is 
essential to investigate other extraction solvents that can resolve the coffee ring effect. 
Additionally, another factor to consider when testing other extraction solvents is whether 
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it is suitable for use on both Au and Ag substrates. Also, it is important to consider 
whether the extraction solvent will interfere with downstream DNA analysis.  
 
4.3.3 Body Fluid Mixtures  
 Preliminary results conducted with salivary mixtures and other body fluids have 
shown the potential of this technology to identify saliva amongst other biological fluids 
commonly encountered at crime scenes. The next step is to investigate other body fluids 
and determine whether the high specificity of SERS for saliva is consistent across all 
body fluids mixtures. Other body fluids to investigate in particular are semen and urine, 
which also contain thiocyanate. In this study, only two component body mixtures were 
examined, but it is necessary to probe the specificity of SERS for three or four 
component mixtures. In particular, sexual assault cases may involve a four-component 
body mixture of blood, semen, vaginal fluid, and saliva. The ability to rapidly identify all 
of the body fluid contents to determine suitability for DNA analysis is extremely 
important, therefore emphasizing the need for an in-depth investigation in body fluid 
mixtures.  
 
4.3.4 Portable Instrument  
 One of the greatest advantages of using a Raman technique is the versatility and 
ease of adaptation into a portable instrument. Currently, there are portable SERS 
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instruments available and this SERS methodology should be examined with a portable 
device to determine suitability for on-site testing at crime scenes.  
 
4.3.5 Sensitivity Parameters 
 Most of the results reported in this study were from analyses conducted on saliva 
samples dried on glass cover slips. For future studies, it is necessary to examine other 
substrates that saliva may be deposited on at a crime scene. Some forensically relevant 
non-porous substrates are soda cans, glass bottles, ceramic mugs, and plastic water 
bottles. As saliva is commonly deposited onto clothing, other relevant substrates include 
different types of fabrics, such as polyester, wool, leather, silk, and linen. In addition, 
many fabrics involve colored dyes and it is pertinent to examine whether the presence of 
such dyes in extracted saliva samples will interfere with the salivary thiocyanate 
signature.  
 In this study, a preliminary age study was conducted with only four time stamps. 
For further developments of this methodology, an expanded age study should be 
considered, particularly with extended time intervals. Along with the age study, other 
environmental conditions should be considered when aging the saliva samples. The 
samples used in this study were aged at room temperature in the laboratory.  In contrast, a 
crime scene setting may consist of various uncontrollable humidity, temperature, and 
contamination factors. As such, it is essential to examine the effects of different weather 
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conditions such as rain, snow or sunlight may render the salivary thiocyanate 
undetectable.  
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